Review on origin of the unusual high-T c superconductivity in Ca 1−x RE x Fe 2 As 2 (RE = La, Ce, Pr, Nd) Abstract: Since the discovery of high temperature superconductivity in iron pnictides in 2008, many iron-based superconductors (IBSs) with various crystal structures have been exploited. Among them, superconductivity with the onset transition temperature Tc up to 49 K has been detected in rare earth element doped CaFe 2 As 2 system (CaRE122). The electron doping induced high Tc values clearly exceed the highest Tcs induced by both hole doping (~38 K) and chemical or physical pressure (~33 K) in the 122-type iron-based superconductors. The occurrence of high-Tc superconductivity in this unique system is quite strange in terms of the much lower Tc observed in the sister compounds bearing structural and chemical similarities. Though the high-Tc superconductivity in Ca 1−x RExFe 2 As 2 is of the non-bulk feature, its superconducting origin served as a most important question has attracted tremendous attentions ever since its discovery. In this review, we summarize the previous experimental results observed in this series of superconductors and list the possible key points that may be related to the understanding of the nature for the strange high-Tc superconductivity.
Introduction
Four main iron-based systems, '1111' (REFeAs(O, F)) [1] , '122' ((Ba, K)Fe 2 As 2 ) [2] , '111' (LiFeAs) [3] , and '11' (FeSe) [4] , have been constructed soon after the first report of Tc around 26 K in LaFeAsO 1−x Fx [5] . It is widely believed, the high temperature superconductivity comes from the common FeAs (or FeSe) blocks. Through doping of aliovalent element (e.g., K for Ba) [2] , introducing chemical pressure (e.g., P for As) [6] , or applying external physical pressure [7] , superconductivity (SC) emerges accompanied with the suppression of the antiferromagnetic/spindensity-wave (AFM/SDW) ground state of the parent phase. The adjacency between SC and AFM implies the important role of AFM spin fluctuation in Cooper pair formation in IBSs, which is also suggested by theoretical calculations [8, 9] .
122-type superconductors are one series of the most widely studied compounds for the easy growth of single crystals of large size [10] . For a long time after the discovery of 122-type superconductors, hole-doped compounds Ba 1−x KxFe 2 As 2 (x~0.4) possess the highest Tc around 38 K [2] , lower than the maximum Tc value (~57 K) in 1111 system [11] . In the end of 2011, Sara et al. [12] reported that superconductivity with Tc as high as 47 K could be induced by rare earth element doping in the 122 parent compound CaFe 2 As 2 . Rare earth doping, in fact, plays a combined role of both applying chemical pressure and introducing extra electrons to the compensated parent CaFe 2 As 2 , and thus induces superconductivity. However, the diamagnetic signal detected in the present system in magnetization measurement appears to be very weak [13] [14] [15] [16] [17] , indicating a non-bulk SC property. Many researchers accordingly suspected a filamentary superconductivity (FLSC) scenario in which the superconductivity was only contributed by very limited part of the crystal. It is natural to suppose that the high-Tc SC is localized to the RE sites and the inhomogeneous distribution of RE causes the non-bulk feature. However, the invalidity of annealing seems not supportive for this inhomogeneous speculation [12, 16] . The subsequent scanning tunneling microscopy measurement aimed at determining the surface structure and dopant distribution also implies that the individual Pr dopants (in Ca 1−x PrxFe 2 As 2 ) responsible for superconductivity do not cluster, but in fact repel each other at short length scales. Pr distribution is rather uniform. The low SC volume fraction should not originate from Pr inhomogeneity [18] . Other reasons, possibly another superconducting origin, distinct from that of the most IBSs, should be responsible for the non-bulk SC.
Since it is reported that possible interface superconductivity with transition temperature around 80 K is observed in FeSe single layer [19] , the high-Tc SC in Ca 1−x RExFe 2 As 2 is also supposed to share a same interface SC origin [20, 21] . And the interface SC origin is supported by the extreme magnetic anisotropy [20] , accompanied by an unexpected doping-independent Tc and equally unexpected superparamagnetic clusters associated with As vacancies. Meanwhile, Gofryk et al. [22] recently demonstrated the presence of inhomogeneity in the crystal through measuring the spatial variation of the praseodymium (Pr) concentration, local density of states, and superconducting order parameter. They ascribed the high-Tc superconductivity to cloverlike defects associated with Pr dopants. The FLSC nature results from the nonuniform Pr distribution that develops localized, isolated superconducting regions within the crystals. This means the SC origin in CaRE122 is clearly different from that of the most IBSs which is associated with AFM fluctuation. However, most recently, Saha et al. [23] reported that the highTc SC can also be induced after the suppression of the AFM ground state in an underdoped sample using high pressure measurements. The results clearly demonstrate the high-Tc SC should not be limited by the RE doping. Similar as many other iron-based systems, the superconductivity are adjacent to the AFM state. Accordingly, the authors argue that the high-Tc SC is intrinsic to these materials. SC origins that are exotic such as interface SC, cloverlike defects, and strain effect should be excluded. The 'intrinsic' origin is also supported by the achievement of relatively large diamagnetic signal via co-doping of element P [24] or Co [25] . Nevertheless, if the high-Tc is really intrinsic, is there any possible way to increase the SC volume fraction and further realize bulk SC? What factors result in the localized high-Tc SC? Many puzzles remain to be explained.
In this review, we first describe the basic information, including crystal growth, structural/elemental analysis, and some superconducting properties, in CaRE122. Then, the typical doping and pressure phase diagrams are presented and compared. At last, four main scenarios that could be applied to explain the strange behaviors of the high Tc phase are discussed, and the possible key points that may be related to the understanding of the high-Tc origin are listed.
Crystal growth and structural/elemental properties
The growth procedure for Ca 1−x RExFe 2 As 2 single crystal is relatively simple. Usually, they are grown by the similar FeAs flux method [16, 26] as many other 122-type crystals. Firstly, the FeAs precursor is synthesized by reacting stoichiometric amounts of Fe and As at temperature above 700°C in vacuum environment. Then, high purity Ca grains, La bulks, and FeAs powders, mixed together in the ratio of 1 − x:x:4, are put into alumina crucibles and sealed in quartz tubes. The whole assembly is then put into high-temperature furnace and heated to temperature around 1200°C and kept at this temperature for a few hours. And then, the high-temperature furnace is set to slowly cool at a rate of −3 to −6°C/h to low temperatures to grow crystals. Single crystals with shiny surface can thus be obtained and be easily cleaved into plates. Single crystal and powder X-ray diffraction (XRD) measurements have been performed many times by various groups [12, 16, 27] . The purity and the good c-axis orientation of the crystals have been confirmed. All crystals are crystallized in the tetragonal (T) phase with ThCr 2 Si 2 structure [28] and the space group is I4/mmm at room temperature. The samples are quite clean except for somewhat imperfect crystallinity indicated by the relatively broad spread of the XRD peaks. As can be seen in Fig. 1 [12] , the crystal parameter a changes little against the doping level for all the four RE elements, while the crystal constant c evolves gradual decrease at different rates with increasing the doping level except for element La. The different rates should be caused by the degree of mismatch of the ionic radii between RE 3+ and Ca 2+ , which also results in different chemical pressures induced by substitution of RE. The chemical pressure would induce a structural phase transition from the tetragonal (T) phase to a collapsed tetragonal (CT) phase as lowering the temperature. It is reported dramatic changes on the electronic state happen during this transition. Detailed discussion about the CT phase will be presented in the 'superconductivity origin' part. Elemental analysis on Ca 1−x RExFe 2 As 2 has also been carried out through both energy-dispersive (EDS) and wavelength-dispersive (WDS) x-ray spectroscopy [12, 16] . The results are almost the same. The stoichiometry for (Ca, La), Fe, and As is close to 1:2:2. Furthermore, with increasing the nominal doping level, the actual RE doping level tends to saturate because of the solubility limit. As can be seen in Fig. 2 [12] , the solubility limit depends on the RE species, which should also be determined by the different ionic radii of RE. 
Superconducting properties
As shown in Fig. 3 [16] , the parent compound CaFe 2 As 2 exhibits a sharp increase of resistivity at 160 K (Ts/Tm) in the temperature-dependent resistivity (RT) curves, which is caused by a structural phase transition from tetragonal to orthorhombic and a simultaneous magnetic phase transition from paramagnetic state to antiferromagnetic (AFM) order state upon cooling. After doping of slight amount of La, the Ts and Tm values shift to lower temperatures, and start to deviate from each other with further increasing the doping level. Accompanied with the continuous suppression of AFM, superconductivity emerges when the doping level x is increased to 0.06. As the doping level further increases, high-Tc superconducting transition (onset Tc >40 K) appears. However, no zero resistivity reaches by the high-Tc transition, indicating a small SC volume fraction. Additionally, the low-Tc transition can be witnessed to x = 0.19. Both the transition widths of the two SC phases are relatively broad. It is worth noting, as shown in Fig. 4 , annealing makes no remark difference on changing the superconducting properties.
The temperature dependences of resistivity under different magnetic field for Ca 1−x LaxFe 2 As 2 with doping levels from underdoping to overdoping are shown in Figs. 5 and 6 [26] . The evolution of two transitions with magnetic field can be distinguished clearly. Both the high and low superconducting transitions are very robust against magnetic field. The anisotropic upper critical field phase diagrams for the low and high Tc transitions are established in Fig. 7 [26] . All the phase diagrams are different from that of the most IBSs. For many IBSs, two-band model [29] and spin-orbital effect [30] are applied to explain the upward curvature and the high field behavior. The upper critical field for the high Tc in CaRE122 also shows upward curvature. However, the superconducting Tc is too much sensitive to low magnetic field compared with other IBSs. The magnetic field-sensitive superconducting transition indicates the existence of Josephson coupling in the crystal. Another strange phenomenon should be pointed out here that the upper critical field (H c2 ) anisotropy seems very large for the present system. As shown in Fig. 8 [26] , the large H c2 anisotropy reaches high values to 10-120. The huge anisotropy was also supported by the temperaturedependent magnetization measurement with field applied along the ab plane and c-axis. The large anisotropy implies the importance of two dimensional (2D) feature of the crystal. The 2D feature may be close related to the superconductivity origin, which thus induces the supposing of interface superconductivity.
The diamagnetic signal that somewhat reveals the superconducting percentage of the sample in magnetization measurement is rather weak through all the doping range, as can be seen in Fig. 9 . The weak diamagnetic signal for the high-Tc transition indicates that the high-Tc ingredient is rather limited. The superconducting transition for the magnetization measurement is also very sensitive to low magnetic field, as shown in inset of Fig. 9 .
Phase diagram
There are many doping phase diagrams reported for the present material. Generally, the information they express are similar. As can be seen in Fig. 10 , in the underdoping region, the structural/magnetic phase transition is gradually suppressed with increasing La doping level x. Superconductivity with Tc around 10-20 K emerges from x = 0.06, and then coexists with the orthorhombic/antiferromagnetic phase until x = 0.13 where highTc, low-Tc and AFM states coexist. The disappearance of AFM state seems a critical point for occurring high-Tc (Tc 40 K) superconductivity. The low-Tc and the high-Tc form two different superconducting domes with the evolution of x. But both the domes are incomplete because of the limitation of the solubility of La.
Recently, Saha et al. [23] performed a systematical high pressure studies spanning the La doping range for both antiferromagnetic and superconducting ground states in Ca 1−x LaxFe 2 As 2 . Fig. 11 (a) show the temperature dependences of resistivity for an under-doped Ca 1−x LaxFe 2 As 2 (x = 0.1) sample under different pressures [23] . As can be seen, the sample shows both an AFM/SDW transition and a low-Tc superconducting transition (~10 K) at ambient pressure. With elevating pressure P, the AFM transition temperature T N is gradually suppressed. When T N is totally suppressed, high-Tc superconducting transition (Tc >30 K) appears. It should be pointed out here, the CaFe 2 As 2 parent phase only shows superconducting Tcs around 10-15 K under pressure condition [31, 32] . Without La doping, there should be no highTc observed. It can be concluded that the occurrence of high Tc is closely related to the doping of RE, even though the doping level is very low. This pressure-induced suppression of AFM and occurrence of high Tc is very similar to the effect of electron doping via RE substitution. However, both the pressure-induced two Tcs seems exhibiting pressure-independent behavior [23, 33] , which is quite different from the sensitive pressure-dependent Tcs in many IBSs [7, [34] [35] [36] .
Therefore, both electron doping and external pressure can induce high temperature superconductivity in underdoped Ca 1−x LaxFe 2 As 2 with suppression of AFM state. Both the two ways elucidate similar phase diagrams. One may say that the high Tc induced by RE doping is possible exotic, such as existence of small amount of superconducting foreign phase. However, it is quite unreasonable to suppose that phase transition to the foreign phase takes place after slightly applying external pressure. Based on the two phase diagrams, the high-Tc superconductivity actually seems intrinsic to this material.
Superconductivity origin
From phase diagram section, it is clear to see that there are at least two kinds of superconductivity existing in Ca 1−x RExFe 2 As 2 , with one Tc around 10-20 K and another Tc around 40 K. It is suggested the low Tc phase is related to a strain-induced phase as that of SrFe 2 As 2 parent compound [23] . Since the Tc value of the lower transition is relatively small, most attentions are focused on the origin of the high-Tc phase. As mentioned above, the high-Tc transition usually exhibits a very weak superconductivity indicated from the broad resistive transition and the small detected diamagnetic signal. Generally, there are four possible scenarios to explain the broad superconducting transition and the weak diamagnetic signal: (i) Josephson junction coupling across superconducting grains [37] ; (ii) FLSC induced by local strain or defects; (iii) interface superconductivity; and (iv) small trace of foreign superconducting phase.
As pointed out by Lv et al. [13] , scenario (i) should be neglected for single crystal nature of the sample. For scenario (ii), on one hand, the ineffectiveness of annealing excludes the possibility of strain effect, as shown in Fig. 4 . On the other hand, Gofryk et al. [22] declared that the high-Tc superconductivity emerges from cloverlike defects associated with Pr dopants according to their abundant observations. At first glance, their proposal seems effective to explain both the broad superconducting transition and the weak diamagnetic signal that detected in the present system. However, as verified by many groups, the high Tc value exhibits a dome-shape phase diagram with evolution of the doping level x. If the high-Tc originates from defects, it should not be influenced by the doping level x, especially for the high doping levels. If RE doping increases the amount of cloverlike defects responsible for high-Tc, suppression of Tc should not be observed in the overdoping region. In fact, subsequent high pressure The temperature dependences of resistivity for an asgrown sample and an 800°C annealed sample. The figure is extracted from [16] . measurement demonstrated that the high-Tc can also be induced by applying external pressure on an underdoped sample. It is unreasonable to suppose formation of cloverlike defects under pressure condition. Therefore, scenario (ii) is also unsuitable.
In favor of scenario (iii), Wei et al. [20] reported a large magnetic anisotropy and the doping level independent high Tc in Ca 1−x PrxFe 2 As 2 . However, as mentioned above, many studies show that the high Tc value will decrease after an optimal doping value, which also can't happen in the case of interface superconductivity. In fact, through codoping of element P, Kudo et al. [24] have largely improved the high-Tc superconducting properties. The diamagnetic signal becomes relatively visible, indicating a possibility of obtaining bulk high-Tc superconductivity. In the scenario of interface superconductivity, it should be very difficult to improve SC volume fraction, to let along obtaining relative bulk diamagnetic values through co-doping.
There is only scenario (iv) left. Actually, it was suspected that small trace of 1111 phase contributed the highTc transition at the beginning of the discovery of CaRE122. However, the crystal grown by FeAs flux seems very clean. And no second phase was detected by X-ray diffraction measurements. Furthermore, the improvement of SC in codoping experiment also does not support the idea. All the four situations may not be applied to explain the abnormal high-Tc in CaRE 122.
Let's reconsider the unusual phenomena in CaRE122. To summary up, the unusual features in CaRE122 are: (1) phase transition from tetragonal (T) to collapsed tetragonal (CT) phase induced by chemical pressure; (2) two non-bulk superconducting transitions with very small superconducting volume fraction; (3) annealing independent behavior; (4) extremely large magnetic anisotropy; and (5) almost pressure-independent high Tc. As is well known, vanishment of the hole pocket at the zone center in Brillouin zone takes place in the pressure-induced phase transition to CT phase in CaFe 2 As 2 [38, 39] , which thus results in the disappearance of the Fermi surface nesting between electron and hole Fermi surfaces. Since it is suggested the Fermi surface nesting is required for SC in IBSs, the transition to CT phase is not supportive for the formation of Cooper pair. However, in the case of chemical pressure-induced CT in CaRE122, high Tc over 40 K has been observed. Since the high Tc also exists in Ca 1−x LaxFe 2 As 2 and Ca 1−x CexFe 2 As 2 in which no T to CT transition happens [12] , it seems there is no close relationship between high-Tc SC and CT states in the case of CaRE122. The other four strange behaviors are clearly different from that of many IBSs. For example, for the annealing effect, it is reported electrical anisotropy, magnetic resistivity, T to CT transition, and even the occurrence of SC can be totally different after heat treatment for BaFe 2 As 2 [40] , SrFe 2 As 2 [41] , and CaFe 2 As 2 [42] . It may be somewhat inaccurate to say that the small annealing effect is a strange behavior for CaRE122. However, considering the broad superconducting transition, it is reasonable to suppose that great changes may happen after heat treatment. In fact, many different post heat treatment processes have been done by many groups. Nearly no heat treatment is effective to improve the SC properties. All the unusual behaviors suggest a superconducting origin different from that of the most IBSs. Since the above four scenarios have been negated, other new possible origin should be added. The results of the recent high-pressure measurement and co-doping experiment remind us to consider that high-Tc SC may be really intrinsic to these materials. The localized SC feature must be explained by other factors.
Conclusion
Physical properties of the superconducting CaRE122 are summarized. Question on the abnormal high-Tc SC origin is discussed in detail. Apparently the SC origin remains unclear and many puzzles remain to be explained. The exotic superconducting origins that are not supportive for a intrinsic SC properties to the material should be excluded. There is still a gleam of hope to realize bulk SC in CaRE122 system. The method of co-doping of other elements should be valued in the future studies.
